1 Epithelial morphogenesis, a fundamental aspect of development, generates 3-dimensional 2 tissue structures crucial for organ function. Underlying morphogenetic mechanisms are, in 3 many cases, poorly understood, but mutations that perturb organ development can affect 4 epithelial cell shape and orientation -difficult features to quantify in three dimensions. The 5 basic structure of the eye is established via epithelial morphogenesis: in the embryonic optic 6 cup, the retinal progenitor epithelium enwraps the lens. We previously found that loss of the 7 extracellular matrix protein laminin-alpha1 (lama1) led to mislocalization of apical polarity 8 markers and apparent misorientation of retinal progenitors. We sought to visualize and quantify 9 this phenotype, and determine whether loss of the apical polarity determinant pard3 might 10 rescue the phenotype. To this end, we developed LongAxis, a MATLAB-based program 11 optimized for the retinal progenitor neuroepithelium. LongAxis facilitates 3-dimensional cell 12 segmentation, visualization, and quantification of cell orientation and morphology. Using
Introduction
Organogenesis requires assembly of cells into precise 3-dimensional structures which are 23 crucial for function. Disruptions to this morphogenetic process can lead to organ dysfunction, 24 and are a common cause of birth defects. Cellular and molecular mechanisms governing organ al., 2016; Hayes et al., 2012; Huang et al., 2011; Lee and Gross, 2007; Semina et al., 2006) .
48
We previously found that loss of laminin-alpha1 (lama1) results in disruption of tissue polarity 49 and cellular disorganization within the retinal epithelium of the zebrafish optic cup (Bryan et al., 50 2016) . At the single-cell level, retinal progenitors appeared misoriented, although this seemed 51 variable between individual mutant embryos and was largely inferred by scanning through 52 volume data (z-stacks acquired by confocal microscopy). In addition to the tissue 53 disorganization defect, the lama1 mutant displayed ectopic localization of the apical marker 54 pard3 at inappropriate locations, including what would normally be the basal surface of the optic 55 cup. We wondered whether the establishment of ectopic apical surfaces might cause the 56 disorganization phenotype, and whether removal of the apical determinant pard3 could rescue 57 it.
58
Although we had questions, we lacked the methodology to adequately and quantitatively 59 analyze such phenotypes. We were not previously able to visualize or quantify cell orientation 60 in 3-dimensions, phenotypic variability between embryos, nor how changes in cell shape or 61 volume might contribute to mutant phenotypes. With these goals in mind, we have developed 62 LongAxis, a MATLAB-based program which allows us to qualitatively and quantitatively assay 63 multiple aspects of cell morphology and organization, optimized for the developing retina. Using 64 a combination of automated segmentation and refinement (or filtering) via user selections to Movie 1).
100
In LongAxis, cell segmentation begins with eight steps of 2D processing applied to every 101 slice, with the goal of enhancing boundaries ( Figure 1B ; see also Methods, LongAxis MATLAB 102 code). The processing steps outlined here are optimized for our specific data sets, the goal 103 being to visualize and analyze retinal epithelial cells. In our experience, the key step was to 104 correct for variations in signal (i.e. some regions of membrane around any particular cell might 105 be brighter or dimmer than others) in order to ensure that the cells were segmented along 106 membrane boundaries accurately. Once 2D processing has been carried out, the user selects 107 the 3D volume of interest within the image data for 3D segmentation and rendering. In our 108 case, this focuses our analysis on the retinal epithelium and excludes cells outside, such as 109 prospective brain, lens, and overlying ectoderm. Once the subvolume of interest has been 110 selected, 3D processing functions are applied to enhance and connect boundaries across slices 111 ( Figure 1C ). This initially yields 3D cell segmentation throughout the volume data ( Figure 1D , 
115
Following this, the set of segmented cells is refined: cell segmentation needs to be 116 validated, and unwanted cells, particularly those in which segmentation failed, are removed from 117 the data set. To this end, a process of "informed filtering" is carried out ( Figure 1A ). The basic 118 idea is to validate cell shapes in a manner unbiased with respect to the orientation of the cell; 119 assaying changes in cell orientation is a major goal of this software. To carry out filtering, an 120 expert user (i.e. someone experienced with looking at these data) views 3-dimensional 121 segmented cell shapes (away from the image data), and manually validates cells which appear 122 to have a retinal epithelial morphology. If need be, the user can cross-check the position of the check the cell rendering against the original image data. The ability to cross-check may be angle of deviation is represented by a heat map, in which close adherence to the expected angle is coded in bluer colors, and significant deviation is encoded by warmer colors. The 152 length of the vector is proportional to the length/width ratio of the cell, to represent one aspect of 153 cell shape.
155
Validating segmentation and filtering
156
To determine how well the workflow performs, segmentation and filtering validation steps 157 were carried out on three independent subregions of the image volume data (one example in 158 Figure 3A ). First, because segmented cell shapes were initially viewed in an isolated manner, 159 away from the image data, we visually examined all segmented cells in each subregion against 160 the original image data. We used xy, xz, and yz cutaways to evaluate how well the 161 segmentation matched the membrane signal, including whether the process correctly 
166
Despite presence of some variability in rendering quality, cell orientation was largely unaffected 167 for cells in categories 1-3. The proportions of cells in each category is shown in Figure 3B .
168
We then asked how filtering (using parameters derived from user selections for cell volume, 169 cell length, and length/width ratio) affected the number of cells in each group. We examined the 170 subset of cells that passed the filtering criteria, and we found that indeed, although filtering is 171 not perfect, poorly segmented (class 4) and fused cells (class 5) are preferentially removed from 172 the filtered data set ( Figure 3B ; number of cells removed from each class 1-5, in order: 3, 5, 2, 173 12, 13). These analyses suggest that the segmentation identifies cells in 3-dimensions and 174 filtering helps to remove unsuccessfully segmented cells, leaving us with a data set appropriate Determining filter parameters and the size of the user-selected data set by examining the relationship between number of cells selected and number of cells filtered out, 182 the rationale being that as the number of selected cells increases, more reliable filter 183 parameters will be generated. This, however, only works up to a point at which selecting more 184 cells has no more benefit; the user set will have already captured the full range of appropriately 185 segmented cells. We find that the relationship between number of cells selected and number of 186 cells filtered out obeys exponential decay ( Figure 3C ; Figure S1A ); deriving the equation to 187 describe this graph allows us to easily calculate the number of cells which need to be selected 188 to carry out filtering (using the mean lifetime equation t = l -1 , where l is the decay rate and t 189 represents the mean lifetime, or here, the average number of selections it takes to remove a 190 cell). For the 4 wild type embryos examined, although substantial numbers of cells were 191 manually selected by the user (1269, 1788, 2420, and 1582, respectively) , significantly fewer 192 cells (using the mean lifetime equation to solve for t: 253, 119, 120, and 61, respectively) 193 needed to be selected in order to exclude the inappropriately segmented cells without 194 inappropriately removing correctly segmented cells ( Figure 3C ; Figure S1A ). While the number 195 of user-selected cells necessary for adequate filtering needs only to be a small proportion of the 196 total number of cells, filtering quality clearly increases with more user-selected and validated 197 cells. In addition, the derived equation reveals that there is a minimum of cells that will be 198 excluded in each wild type embryo (using the exponential decay equation (see Methods) and 199 solving for yf : 192, 132, 200, and 515, respectively) ; based on our manual validation, these are between embryos is due to variation in image quality, which will affect the success of the segmentation process.
203
This post hoc analysis reveals that there is not one single baseline number of cells for a 204 user to select, however, the software is simple to use, and selecting a few hundred cells will 205 likely yield high quality filtering information necessary to remove unwanted cells.
207
Filtering poorly segmented cells does not change the data set 208 Given that filtering does change the number of cells being used for quantitative analysis 209 (Table 1) , we asked how it might alter, at the population level, the quantitative measurements of Figure 3F ; mean length/width ratio: 2.06, 2.08, 2.09, 2.1). Taken together, these same genotype, due to normal phenotypic variability; therefore, multiple embryos must be used to compare different experimental conditions and genotypes.
255
Putting the software to the test: genetics of apicobasal polarity and tissue organization in the 256 optic cup
257
Having determined that we could segment cells and carry out quantitative analysis on cell 258 morphology and orientation, we turned our attention to the original biological question at hand.
259
We previously demonstrated that loss of lama1 leads to disruptions to epithelial polarity and 260 apparent disorganization of the retinal progenitor epithelium (Bryan et al., 2016) . Although we 261 hypothesized that the cause of this phenotype was cell misorientation as opposed to gross 262 changes in cell size or shape, we had no way at the time to visualize or quantitatively test this.
263
In addition to the retinal disorganization, we found that tissue polarity is disrupted in lama1 264 mutants: apical markers such as pard3 are mislocalized and even ectopically localized to 265 subcellular locations that would, in a wild type embryo, be the basal surface. We wondered 266 whether ectopic localization of apical determinants was the cause of the structural 267 disorganization in the lama1 mutant optic cup, and therefore, whether the lama1 mutant 268 phenotype might be rescued by genetic removal of pard3.
269
With LongAxis in hand, we set out to answer these questions. We generated double 270 mutants for lama1 and pard3, in which pard3 was both maternally and zygotically lost 271 (lama1;MZpard3), as pard3 is maternally loaded (Blasky et al., 2014) . We compared wild type 272 optic cups to the lama1 single mutants and the lama1;MZpard3 double mutants. When initially 273 viewing single optical sections of all three genotypes ( Figure 5A 290 the four wild type embryos all have a peak ~20°, indicating a small deviation from the 291 convergence point, and a small trailing tail out beyond 60° ( Figure 5D; Movie 7) . In contrast, the 292 lama1 single mutants show a very different distribution in angles of deviation: in one embryo, 293 there is a visible peak ~20°, similar to wild type embryos, but in the other two embryos, there is 294 no clear peak, rather, angles of deviation are distributed more evenly from 20-90° ( Figure 5D ';
295
Movie 11). Similarly, all three lama1;MZpard3 double mutants show an even distribution of 296 angles of deviation from 20-90°, without a clear peak ( Figure 5D "; Movie 12). This indicates that 297 at the population level, cells are significantly misoriented in both the lama1 single mutant and 298 lama1;MZpard3 double mutant optic cups.
299
In our previous work, we quantified morphology of a small number of cells to determine 
322
Taken together, these measurements are a rich source of quantitative information from 323 which to draw a number of conclusions. First, there is variability in the lama1 mutant 324 misorientation phenotype. We had previously observed this, but did not have a way to quantify 
363
Using LongAxis, we validated our pipeline via manual validation of segmentation and 364 filtering, finding that filtering preferentially removes poorly and incompletely segmented cells.
365
Next, given that vertebrate embryonic development is not deterministic and that variability exists 366 between embryos of the same genotype, we compared results between wild type embryos, 367 finding that LongAxis indeed allows us to detect differences between embryos of the same 368 genotype. Therefore, analysis of multiple embryos of the same genotype is necessary to 369 provide a complete quantitative picture of the phenotype range encompassed.
370
Finally, we returned to the biological question we initially sought to answer. lama1 mutant 371 optic cups are comprised of misoriented retinal progenitors which are shorter and slightly less 372 elongated than their wild type counterparts. We had not previously detected the elongation 373 defect, likely due to combination of 2-dimensional analysis and small sample size. Misoriented 374 retinal progenitors appear to cluster together in domains of the optic cup, rather than being 375 scattered throughout the tissue randomly. We speculate that this is due to the ability of cells to 376 self-organize in the absence of extrinsic polarity cues. We did indeed detect and were able to 377 quantify variability between individual lama1 mutant embryos, with one embryo exhibiting less 378 disruption to cell orientation than the other two. Did removal of the apical determinant pard3 379 rescue these phenotypes? Although certain single optical sections looked as though cells were lama1;MZpard3 double mutant optic cups is clearly not rescued; again, misoriented cells cluster together in domains of the optic cup. Further, we detected a change in cell size and shape in were run on 3.2% Metaphor or 1% Metaphor/1% agarose gel. 416 pard3 fh305 genotyping protocol. A CAPS strategy was used with the following primers: 5' 417 ATTGGCTTCAGCAGTTTTAAGAAA; 3' ATGATTGGCACTGAGTGAAGAAC. PCR annealing 418 temperature, 61°. PCR products were digested with HpyCH4IV, which cuts mutant (87+68 bp), 419 not WT (155 bp). Digest products were run on 3.2% Metaphor or 1% Metaphor/1% agarose gel.
421
RNA synthesis and injections 422 Capped RNA was synthesized using a pCS2 template (pCS2-EGFP-CAAX) and the 423 mMessage mMachine SP6 kit (Ambion). RNA was purified (Qiagen RNeasy Mini Kit) and 424 ethanol precipitated. 150 pg RNA was injected into the cell of 1-cell embryos.
426
Imaging 427 Embryos were dechorionated at 24 hpf and embedded in 1.6% low melting point agarose (in 428 E2+gentamycin) in Delta T dishes (Bioptechs (#0420041500C)). Images were acquired using a 429 Zeiss LSM710 or LSM880 laser scanning confocal microscope. E2+gentamycin was overlaid, 430 and the dish covered to prevent evaporation. All imaging was performed with a 40X water-431 immersion objective (1.1 NA). Datasets were acquired with the following parameters: Figure 2 . LongAxis data analysis and outputs. 
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